Background: C-Reactive protein (CRP) is a risk marker for type 2 diabetes and cardiovascular diseases. In youth, limited data are available on the distribution of high-sensitivity CRP as well as on its association with components of the metabolic syndrome. Methods: In 1999, we conducted a school-based survey of a representative sample of youths 9, 13, and 16 years of age in the province of Quebec, Canada. Standardized clinical measurements and fasting plasma lipid, glucose, insulin, and CRP concentrations were available for 2224 individuals. Results: The distribution of CRP was positively skewed. The median and 95th percentile values by age and sex ranged from <0.2 to 0.56 mg/L and from 2.72 to 6.28 mg/L, respectively. A total of 7.7% of 9-year-olds, 5.5% of 13-year-olds, and 12.8% of 16-year-olds had CRP concentrations >3.0 mg/L, the threshold defining the adult high-risk category. We observed a strong relationship between CRP concentrations and both body mass index (BMI) and fasting insulin values. The association between CRP and insulin concentration was markedly attenuated after adjustment for BMI, whereas that between CRP and BMI remained unchanged after adjustment for insulin: a 1 SD increase in BMI was associated with a 52% increase in CRP concentration. An increased CRP concentration was independently associated with a worsening of the lipid profile, whereas the association between increased CRP values and high systolic blood
Measurement of the concentration of C-reactive protein (CRP), 5 an acute-phase reactant, has been used for decades in the diagnosis and monitoring of active infections and chronic inflammatory diseases. Recently, epidemiologic studies have documented that increases in CRP concentrations, even when within the reference interval, can predict the development of type 2 diabetes (1, 2 ) and cardiovascular disease (CVD) (3 ) in otherwise healthy adults. Moreover, in addition to being a powerful risk marker, some evidence suggests that CRP directly promotes atherosclerotic processes (4, 5 ) .
In adults (6 -13 ) , plasma CRP concentrations are significantly associated with body fat as well as with specific components of the metabolic syndrome, including systolic blood pressure (BP) and fasting plasma concentrations of insulin, triglycerides (TGs), and HDL-cholesterol (HDL-C). However, the independent contributions of excess adiposity and its frequently associated metabolic abnormalities to variations in CRP values are poorly understood. Some studies suggest that chronic, low-grade inflammation might be an early event in the development of insulin resistance (IR) and the metabolic syndrome (14, 15 ) . However, McLaughlin et al. (16 ) have demon-strated that in healthy obese women, CRP concentrations were increased predominantly among those who were insulin resistant and that the relationship between CRP concentrations and IR was independent of obesity, suggesting that IR and/or other abnormalities associated with the metabolic syndrome might induce inflammatory responses.
In children, data are limited, but associations between CRP concentrations and CVD risk factors similar to those reported for adults have been observed (17) (18) (19) (20) . In contrast to adults, studies in youth are less likely to be confounded by chronic conditions such as bronchitis, arthritis, atherosclerosis, or undetected diseases. Therefore, studies in pediatric populations may help improve our understanding of the relationship between obesity, inflammation, IR, and the metabolic syndrome. Furthermore, because persistently increased CRP concentrations in youth may provide an early warning for later risk of CVD, it is important to precisely characterize the relationship between CRP values, excess weight, and CVD risk factors in pediatric populations. The objectives of this study thus were as follows: (a) to describe the distribution of high-sensitivity CRP concentrations in a populationbased sample of children and adolescents; (b) to examine the association between CRP concentrations and a measure of obesity, body mass index (BMI), and between CRP and a surrogate measure of IR, fasting plasma insulin, and to evaluate the independent contributions of these two variables to variations in CRP concentrations; and (c) to assess the association between CRP concentrations and other components of the metabolic syndrome.
Materials and Methods study population
The survey design and methods have been reported previously (21 ) and are only summarized here. The Quebec Child and Adolescent Health and Social Survey used a stratified, cluster sampling design to draw three independent provincially representative samples of youth 9, 13, and 16 years of age (one sample per age). The sampling frame represented 97% of all youth targeted. Data were collected in schools between January and May 1999. Response proportions among 9-, 13-, and 16-yearolds, respectively, were as follows: (a) questionnaire and anthropometric measures, 83.4% (1267 of 1520 eligible children), 79.2% (1186 of 1498), and 77.6% (1160 of 1495); and (b) blood sampling, 51.5% (783 of 1520), 54.6% (818 of 1498), and 58.5% (874 of 1495). French Canadians comprised 79.6% of the sample. Of 2475 blood specimens available, 17 were excluded because individuals reported that they had medical conditions that can markedly affect CRP concentrations, including diabetes, cystic fibrosis, and inflammatory bowel disease, and 8 were excluded because information on BMI was missing. An additional 226 specimens were eliminated because 107 parents refused consent for analyses other than glucose and lipids and 119 samples were thawed on arrival at the laboratory or were of insufficient volume. Age-specific comparisons of youth who provided blood samples (n ϭ 2224) with those for whom samples were not available or who were excluded (n ϭ 1389) revealed no statistically significant differences in sex, cigarette smoking, mean BMI, parental income, and parental education. The study was approved by the Ethics Review Board of Ste-Justine Hospital. Written informed assent and consent were obtained from the participants and their legal guardians.
clinical variables BP, height, and weight were measured according to standardized protocols (21 ) . Percentile cut point values used to categorize individuals with regard to metabolic risk factors were estimated from the study distributions. Cut points were age-and sex-specific. BP cut points were also height-specific. Increased TG concentrations and systolic BP were defined as values at or above the 75th percentile, and decreased HDL-C concentrations were defined as values at or below the 25th percentile. These thresholds are similar to those used in the Bogalusa Heart Study and the Cardiovascular Risk in Young Finns Study (22, 23 ) . Current smokers were defined as those who answered yes to the following question: During the past 30 days, did you smoke cigarettes, even just a few puffs? This question was not asked of 9-year-olds; only 2.1% of this age answered yes to the following question: Have you ever smoked a whole cigarette? Ethnicity was defined as French Canadian or other.
biochemical analyses
Blood was obtained by venipuncture after an overnight fast in a 1 g/L EDTA collection tube. High-sensitivity CRP concentrations were measured with the IMMAGE ® immunochemistry system (Beckman Coulter). The lower limit of detection of this assay was 0.2 mg/L. Interassay CVs for controls at 0.84 and 13.8 mg/L were 4.2% and 3.5%, respectively. Fasting plasma insulin, glucose, total cholesterol, TG, and HDL-C concentrations were determined as described previously (21 ) . The Homeostasis Model Assessment of IR (HOMA-IR) was calculated as insulin (mIU/L) ϫ glucose (mmol/L)/22.5 (24 ) .
statistical analyses
We used the sample quantiles to estimate population percentiles. Nonparametric confidence intervals (CIs) for the quantiles of interest were constructed by use of the algorithm described by Hutson (25 ) . When comparing percentile values between sexes or across ages, we concluded that they were significantly different if their respective 95% CIs were nonoverlapping. Because a large proportion of CRP measurements were left-censored (lower detection limit ϭ 0.2 mg/L), we used the LIFEREG procedure in SAS (a regression method for analysis of censored data) to study the association between CRP, BMI, and plasma insulin (26 ) . This strategy avoids the biases and false precision induced when all concentraClinical Chemistry 50, No. 10, 2004 tions below the detection limit are artificially set to the value of the detection limit (in our case, 0.2 mg/L). CRP concentrations were not gaussian distributed and were log e -transformed [undetectable values were considered censored at log(0.19)]. We assumed that log e -transformed CRP values had an underlying gaussian distribution (17 ) . The regression coefficients for the 100 log e -transformed CRP concentrations represent the percentage change in CRP per unit change in independent variable (27 ) . The associations between CRP category (age-and sex-specific upper quartile and other) and metabolic risk factors were examined in logistic regression analyses. Because we pooled age groups, age-and sex-specific Z-scores for BMI and insulin concentration were used in regression analyses. BMI and insulin concentration were not gaussian distributed and were log e -transformed. We estimated Z-scores from the study distributions. To take the complex sampling design into account, we estimated sampling weights and clustering effects and incorporated them into all of our computations except those done with the LIFEREG procedure. Statistical analyses were performed with SAS statistical software (SAS Institute, Inc.) and SUDAAN (Research Triangle Institute).
Results
The characteristics of the study participants are listed in Table 1 . Cigarette smoking and infectious or inflammatory conditions could affect CRP concentrations. Among 13-and 16-year-olds, 12.7-39.9% were current smokers. Only 2.1% of 9-year-olds admitted to having ever smoked a whole cigarette. We considered that individuals who reported they were taking antibiotics, medications for pain/fever, cold/allergies, or respiratory problems in the 2 weeks before blood sampling might have had an infectious or inflammatory condition at the time of the blood sampling. Many individuals (35.0 -69.1% according to age and sex) reported to have used these medications in the 2 weeks before blood sampling. We do not have information on the duration or amount of medications used; most of those who took these medications (24.6 -54.7% according to age and sex) used only medicines for pain/fever and/or cold/allergies.
Forty-seven percent of 9-year-olds, 50.7% of 13-yearolds, and 32.3% of 16-year-olds had CRP concentrations below the detection limit (0.2 mg/L). Two percent of 9-year-olds, 1.1% of 13-year-olds, and 2.6% of 16-year-olds had CRP concentrations Ͼ10.0 mg/L, the conventional cut point for increased CRP (3 ). Selected age-and sexspecific percentile values of CRP concentrations are presented in Table 2 . These percentiles values were computed first including and then excluding individuals with possible infectious/inflammatory conditions and current smokers. Although there was a tendency toward lower values when individuals with possible infectious/inflammatory conditions and current smokers were excluded, for all ages, in both sexes, the CIs around each percentile value largely overlapped between estimations calculated with and without exclusions. Therefore, subsequent analyses were done with the whole sample.
In boys, the median and 75th percentile CRP values generally increased across ages and were significantly different between 9-and 16-year-olds. In girls, the median, the 75th, and the 95th percentile values were the lowest in 13-year-olds and were significantly different in 13-year-olds compared with 9-and 16-year-olds. Nineand 16-year-old boys tended to have lower CRP concentrations than girls in the same age groups.
After adjustment for age, sex, ethnicity, smoking, and possible inflammatory/infectious conditions, CRP concentrations remained strongly positively associated with BMI: a 1 SD increase in BMI was associated with a 56.9% increase in CRP value (Table 3 , model 1). This relationship was similar in boys and girls. CRP was also positively associated with fasting insulin: a 1 SD increase in insulin was associated with a 37.1% increase in CRP (Table 3 , model 2). Because BMI and insulin are correlated, we assessed their independent contributions to variations in CRP. The positive association of CRP with insulin was markedly attenuated after adjustment for BMI, whereas the relationship of CRP with BMI remained unchanged (Table 3, Because low-grade systemic inflammation may underlie, at least in part, the clustering of metabolic risk factors, we examined the relationship between increased CRP concentrations and high systolic BP, high TG and low HDL-C concentrations, and clustering of these risk factors. After adjustment for age, sex, ethnicity, smoking, and possible inflammatory/infectious diseases, individuals with CRP concentrations in the upper quartile for age and sex were 1.4, 1.7, and 2.3 times more likely to have high systolic BP, high TGs, and low HDL-C, respectively, than their counterparts with CRP concentrations below the age-and sex-specific 75th percentile values (Table 4) . There was also a significant association between increased CRP (upper quartile) and clustering of these risk factors. However, adjustment for insulin weakened the positive associations between increased CRP and both metabolic risk factors and risk factor clustering. Adjustment for BMI had an even greater effect such that the associations between increased CRP and high systolic BP and risk factor clustering were no longer statistically significant. The positive associations between increased CRP and high TGs and low HDL-C concentrations, however, were robust. We did not detect a significant association between high CRP and glucose Ն6.1 mmol/L (data not shown); the number of individuals with glucose Ն6.1 mmol/L was small (n ϭ 38). No heterogeneity of CRP effect by sex was detected (all P Ͼ0.1).
Discussion
Data on the frequency distribution of high-sensitivity CRP concentrations in healthy children and adolescents are limited (17, 19, 28 ) . In our study, a high proportion of individuals had plasma CRP concentrations below the detection limit, which was 0.2 mg/L (47.4%, 50.7%, and 32.1% of 9-, 13-, and 16-year-olds, respectively). These results are similar to those of the Taipei Children Heart Study in which 48.9% of individuals (mean age of 13.3 years) had CRP concentrations Ͻ0.19 mg/L (19 ) and to (29, 30 ) . As in adults, the distribution of plasma CRP concentrations in youth was positively skewed in this study (17, 19, 28 ) . The median and 95th percentile values by age and sex ranged, respectively, from Ͻ0.2 to 0.56 mg/L and from 2.72 to 6.28 mg/L in the Quebec survey and from 0.3 to 0.6 mg/L and from 5.9 to 8.6 mg/L in youth 3 to 19 years of age in the 1999 -2000 US NHANES (28 ) . Although CRP concentrations were lower in our pediatric population than typical values in adults, we observed that 7.7% of 9-year-olds, 5.5% of 13-year-olds, and 12.8% of 16-year-olds had CRP concentrations Ͼ3.0 mg/L, the proposed threshold to define the adult high-risk category (3 ). Therefore, a sizable number of children and adolescents might have already experienced the burden of chronic low-grade systemic inflammation. Its long-term clinical significance remains to be determined. CRP concentrations were higher in 9-and 16-year-old girls than in boys in the same age groups in the Quebec survey. Cook et al. (17 ) made similar observations in UK children 9 -11 years of age: CRP concentrations were 47% higher in girls than in boys. However, CRP concentrations were similar by sex in the Taipei Children Heart Study (19 ) . Ford et al. (28 ) reported significant differences by sex in the 1999 -2000 US NHANES only for participants 16 -19 years of age, among whom females had higher CRP concentrations than males. In adults, some studies have found differences by sex, whereas others have not (29 -31 ) . It has been suggested that sex differences in CRP concentrations in adults could be explained by estrogen use in women (32 ) . Although no data on oral contraceptive use at the time of blood sampling were collected in our study, it is unlikely that sex differences at age 9 are attributable to estrogen use.
Several prospective studies have documented an association between markers of inflammation, such as CRP, and incident CVD and type 2 diabetes (1-3 ) . However, the mechanisms responsible for the low-grade up-regulation of CRP production that predicts CVD and type 2 diabetes in general populations are poorly understood. Although cross-sectional studies cannot address this issue completely, we found a strong relationship between CRP concentration and BMI as early as age 9. Our observations concur with those reported in the Ten Towns Children's Study, the Taipei Children Heart Study, the Third and the 1999 -2000 US NHANES (17) (18) (19) (20) , and several studies of adults (6 -13 ) . In pediatric populations, it is unlikely that the association between CRP concentration and BMI was confounded by inflammatory processes associated with atherosclerosis, as has been hypothesized in adults (10, 11 ) . In the present study as well as in adults (7, 11, 13 ) , the relationship between CRP and BMI was independent of fasting insulin, which is closely associated with excess weight. Furthermore, the observation from population-based studies of a strong association between CRP and BMI is consistent with experimental and clinical studies. Mohammed-Ali et al. (14 ) demonstrated that 25-30% of circulating interleukin-6 (IL-6), a primary determinant of hepatic CRP production, was released from subcutaneous adipose tissue. The IL-6 concentration is increased in obesity (8, 33 ) , and weight loss has been associated with significant decreases in IL-6 values in both adipose tissue and serum (15, 33 ) and with a decrease in plasma CRP concentrations (15, 34 ) . These findings suggest that increased secretion of IL-6 by expanded adipose tissue mass up-regulates the production of CRP by the liver, thus providing a mechanism to explain how increased body fat is linked to increased CRP values.
In adults, stronger associations between body fat and CRP values have been reported for women compared with men (6, 7 ) . In the present study, before adjustment for fasting plasma insulin, we observed a tendency toward a stronger association in boys than girls. After adjustment for insulin, the strength of the association between BMI and CRP values was similar in both sexes. There are several possible explanations for the discrepant findings in studies of adults and children. The first explanation is that body composition and fat distribution are different between adults and children and that these differences may influence the relationship between obesity and CRP. The second possible explanation is that BMI is an indirect measure of adiposity and that the correlation between direct measure of obesity and BMI varies between sexes and across ages (35 ) . The third possible explanation is that differences in sex steroid hormone concentrations between children and adults may affect the association between BMI and CRP; in fact, in adult women, estrogen use increases CRP. We found a strong relationship between CRP and fasting insulin. However, this association was markedly weakened after adjustment for BMI to the extent that it was no longer statistically significant in girls. Use of HOMA as a measure of IR instead of fasting insulin yielded similar results. In the Ten Towns Children's Study, Cook et al. (17 ) did not detect a significant association between CRP and fasting insulin. However, there was a significant relationship between CRP values and postload insulin that disappeared after adjustment for ponderal index. Several cross-sectional epidemiologic studies have examined the relationship between CRP and measures of IR in adults of various ages and both sexes. A consistent observation has been the finding of a positive association between CRP and measures of IR (8 -12 ) that was variably attenuated after adjustment for adiposity (9 -11 ) . In a clinical study to determine whether CRP was associated with IR independently of obesity, EscobarMorreale et al. (13 ) evaluated the relationship between inflammatory markers, IR, and obesity in women with polycystic ovary syndrome, a disease associated with IR independent of excess weight, and in controls. They concluded that obesity and not IR was the major determinant of CRP; only a weak association between insulin sensitivity index and CRP persisted after adjustment for BMI. Finally, Kopp et al. (15 ) studied the longitudinal relationship of CRP with features of the metabolic syndrome in 37 morbidly obese patients before and 14 months after gastric surgery. In a multivariable regression model including change in BMI, 1-h postload glucose, HOMA, and C-peptide as independent variables, only change in BMI was significantly related to the decrease in CRP. Together, adult and pediatric studies suggest that excess adipose tissue might be the common antecedent of both increased CRP and IR. If there is a biologically relevant independent association between CRP and IR, it appears minor compared with the association between CRP and BMI.
Other features of the metabolic syndrome have been related to markers of inflammation (8 -10 ) . In the present study, we observed a strong association between increased CRP and both high TG and low HDL-C concentrations that was only mildly attenuated after adjustment for BMI or fasting insulin. Conversely, the association between CRP and high systolic BP or clustering of risk factors was no longer statistically significant after adjustment for BMI. In the 1999 -2000 US NHANES, Ford (20 ) reported positive correlations between CRP and both systolic BP and TG concentrations; however, in multivariate analyses that included BMI percentile, only systolic BP remained significantly associated with CRP and solely in girls. In the Ten Towns Children's Study, Cook et al. (17 ) found that the negative association between quintiles of CRP and HDL-C remained statistically significant after adjustment for ponderal index, whereas associations between quintiles of CRP and TGs and systolic BP were no longer significant after adjustment for ponderal index. These results suggest that increases in CRP (or other inflammatory markers correlated with CRP) could contribute to a worsening of the lipid profile characteristic of the metabolic syndrome. Furthermore, each component of this syndrome related differently to CRP.
The limitations of this study include that the use of a single CRP measurement may not accurately reflect longterm inflammation status. In healthy adults, the biological variability of log high-sensitivity CRP has been estimated at 22% (36 ) . However, nondifferential misclassification is unlikely to explain our significant findings and should affect similarly the strength of the different associations. Another limitation is that we used indirect measures of body fat and IR. The correlation between BMI and direct measures of adiposity is reasonably high (35 ) . In individuals with normal glucose tolerance, fasting insulin correlates moderately with IR as measured by the euglycemic hyperinsulinemic clamp technique (37 ) . Use of the clamp technique might have yielded a stronger association between CRP and IR in this study. However, it is unlikely that our conclusions are invalidated by the use of fasting insulin to measure IR.
In conclusion, in a large representative sample of youth from the province of Quebec, Canada, a high proportion (8.9%) of individuals had CRP concentrations Ͼ3.0 mg/L, the threshold defining the adult high-risk category. Body fat was the major determinant of CRP, whereas fasting insulin might have had a small independent effect. We observed a strong association between increased CRP and both high TG and low HDL-C concentrations that was independent of BMI and fasting insulin, suggesting that increases in CRP contributed to a worsening of the lipid profile.
